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CHARACTERIZATION OF SOLIDS IN THE THREE MILE ISLAND UNIT 2 REACTOR
DEFUELING WATER

D. O. Campbell

ABSTRACT

Because of the 1impact of poor water clarity on defueling operations
at the Three Mile Island Unit 2 Nuclear Power Station, a study was under-
taken to characterize suspended particulates in the reactor defueling
water. The examination included cascade filtration through Nuclepore
filters of progressively smaller pore sizes, using three water samples
obtained at different times and after varying degrees of clarification.
The solids collected on the filters were examined with a scanning
electron microscope and analyzed with energy-dispersive X-ray
fluorescence, '

A wide variety of solids was observed, and 26 elements were
detected. These included all the materials expected from the reactor
system (uranium, zirconium, silver, cadmium, indium, iron, chromium, and
nickel), chemicals and zeolites used to decontaminate the water
{(aluminum, silicon, sodium), common impurities (potassium, chlorine,
sulfur, magnesium, calcium, and others), as well as some unexpected
metals (molybdenum, manganese, bromine, and lead). There was also evi-
dence for the presence of organic material. A diverse assortment of par-
ticles with widely varying surface properties was found to be present.

Particles of all types were found in each size range. However, the
larger (O5-um) particles tended to contain predominantly lighter—atomic-
welght elements, such as silicon, aluminum, and calcium, whereas the
smaller (<2-um) particles contained more core debris and less of the
light elements. Individual core-debris particles tended to have a single
major constituent (uranium, zirconium, stainless steel, or control rod);
however, the different types of particles often aggregated into clusters.
In addition, solids believed to be organic in origin appeared to dominate
the smallest size range (~0.1 um). As particles lodged over the filter
pore openings, decreasing their effective size, progressively smaller
particles were collected; consequently, the smallest particles eventually
controlled the flow through the filter.

Stainless steel filter media from tests with reactor water were also
examined, using a variety of surface analysis techniques. Although few
particles were observed on these samples, media that had been effectively
plugged were coated with a thin surface £ilm which appeared to block pore
openings. Similar media that had been "reclaimed” by soaking in hot
boric acid solution showed no evidence for any film. Thus, the short
filter life could result from flow blockage by either small particles or
a film. Although efforts to characterize the film were not definitive,
they indicated that the nature of the film changed from a primarily orga-~-
nic material in an early sample (prior to extensive water clarification
operations) to a primarily siliceous film (after water clarity has been
markedly improved by filtration and diatomaceous earth had been used
extensively).



1. TINTRODUCTION

The maintenance of acceptable water clarity for effective defueling
activities at the Three Mile Island Unit 2 (TMI-2) nuclear power station
has presented serious problems. Although excellent clarity had been
achieved on a few occasions, this had not generally been the case
following the commencement of active defueling at the end of 1985 -
especlally after the "core drill” operation which was carried out during
the summer of 1986, Water clarity has been degraded by a variety of
suspended solids of diverse origin. In addition to the generation and
dispersal of inorganic particulate material as a result of the mechanical
defueling, a biological growth developed which also interfered with visi-
bility. The microorganisms have been controlled by the addition of
hydrogen peroxide; however, their growth periodically recurs.

During the latter half of 1986, the impact of the water clarity
problem became more apparent and several tasks were undertaken (1) to
find a wmeans to alleviate the problem in the short term and (2) to gain
a better understanding of it for the longer term. One of these tasks was
the characterization of suspended matter in the reactor defueling water
and of the material that was causing unsatisfactorily short operating

life of the Defueling Water Cleaonup System (DWCS) filters.

2. EXAMINATION OF SAMPLES OF THE DWCS FILTERS

Samples of Paul-Triaity stainless steel filter media, identical to
that used in the TMI-2 DWCS filters, were used in a laboratory test rig

at TMIi—-2 to filter samples of defueling water. Four filter samples were



sent to ORNL for examination, and three of them had been used to filter
defueling water. The samples were identified as follows:

Sample Fl1 - An unused (new) filter.

Sample F2 - A filter operated in the test rig with 71-NTU water
until the flow had decreased to a very low rate (the

filter was effectively plugged).

Sample F3

A filter operated in a manner similar to sample F2 and
then "reclaimed” by soaking in hot boric acid solution
to restore flow.

Sample F4 - A filter operated in the test rig with 4-NTU water (at

a later date than samples F2 and F3) until the flow had
decreased to a very low rate.
No precipitate was observed on any of the filters with the naked eye
under conditions of rather poor visibility. On filters exposed to water,
one side was several times more radioactive than the other, as measured

with an open-window survey instrument, and that was presumed to be the

upstream sgide.
2.1 MICROSCOPIC EXAMINATION

The first observations were made on sample Fl to determine the
nature of the filter. Scanning electron microscope (SEM) photographs
showed a tortuous flow path of interlinked crevices of varying thickness,
typically about 0.5 um. The filter composition determined by energy-
dispersive X-ray fluoresence {EDX) was representative of Type 316
stainless steel: Fe, Cr, and Ni, with measurable levels of 51 and a
swmall amount of S.

Small specimens of samples F2 and F3 were mounted for metallographic

examination. In each case, one sample was mounted vertically so the



polished section was perpendicular to the surface; one was mounted at a
small angle to the horizontal; and the third was mounted horizontally
with the upstream side on top after polishing. These specimens were exa-
mined with both an optical microscope and the SEM. The angled specimens
did not show any features different from the others and were not further
examined. The filter surface was sufficiently curved that the polished
surface of the horizontal mount cut very gradually into the metal of the
filter surface. No unusual definitive features were observed.

The cross section of sample F2 showed clear evidence of a thin film on
the surface, particularly in surface pores cn the upstream side, but there
was no such indication for sample F3. More complete information 1s included
in Appendix A, Examination by EDX of the region containing the film showed
primarily the components of stainless steel (Fe > Cr > Ni), with smaller
amounts of Si and Al in varying proportions (Fig. A.8). Unfortunately,
the sample had been ground with alumina and polished with silica, so the
last two elements could have been introduced during sample preparation.

Iron depleted in Cr and Ni, a likely corrosion product, was not observed.

The same samples were reground using diamond abrasive and polished
with chromium oxide to avold these interferences., Reexamination again indi-
cated the presence of a film in sample F2 but not in sample F3 (Fig. l).

The EDX analyses showed silicon (in addition to the stainless steel
elements) and a large Compton—scattering component characteristic of organic
material. (The white areas in Fig. 1 are stalnless steel, while the uniform
dark areas are the epoxy mounting.) The dark appearaunce of the film indi-
cates a material of low atomic number (Z), probably organic. The film was

also visible by optical microscopy.



Fig. l. Cross section of DWCS samples F2 (top) and F3 (bottom).
Note film on surface of sample F2 and absence of film on sample F3.



These observations suggest that, in addition to the anticipated
fiitration problem from small particulates, a thin surface film wmay be a
significant contributor to plugging of the filters. Moreover, the film
probably contains silicon but may be largely organic in nature, and it is
removed by the filter reclamation process, which consists of soaking in
hot boric acid solution.

The leached filter (sample F3) also showed greater porosity, or a
greater void fraction, than sample F2. Since the boric acid leach would
not be expected to dissolve a significant amount of the stainless steel
filter medium, this characteristic was presumed to be an artifact of the
fabrication.

Sample F4 was acquired at a later date and examlned in the same
manner. The upstream surface was coated with a film that was much
thicker than that for sample F2 (up to 5 to 7 mm); there was no evidence
for a film on the downstream surface (Fig. 2). The film had been pulled
away from the filter surface in many areas during sample preparation
(potting in epoxy), leaving a crevice either between the metal and the
film or between the film and the epoxy. This suggests that the film
might be easily removed physically, as during sample handling. The film
was analyzed by EDX, which clearly showed that it contained silicon; in
addition, an elemental map showed silicon in the film on both sides of
the crevice (Fig. 3). The film could also contain organic material that
cannot be defined by EDX.

Sample F4 had been tested with low-turbidity water of relatively low
solids concentration, but it had plugged more quickly than the filters

tested with high-turbidity water. This behavior indicates that whatever
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Fig. 3. Cross section of surface of sample F4 (top) and silicon
concentration map of same area (bottom).



caused the film had not been removed from the water as effectively as the
particulate material that contributed to turbidity. Alternatively, it is
possible that particulates in the high-turbidity water formed, in effect,
a precoat which extended the filter surface and delayed formation of the
film.

Very few foreign particles were observed on the perpendicular cross
sections of any filter, but the surface area of the filter under exami~
nation was extremely small - a line that was, at most, a few hundred
micrometers long and a particle diameter wide. One particle of core
debris (5 to 10 um, Zr > U > Fe > Cr) was found on the downstream side of
sample F2 (Figs. A.5 and A.7); it may have been knocked off the origi-
nal surface during shipping and handling. The film showed no evidence of
particulates or crystalline structure except for a very few regions with
tiny particles containing some lanthanum and cerium. These elements
could possibly be contaminants from sample grinding and polishing,
although that is thought to be unlikely; no other potential source is

known.
2.2 CHARACTERIZATION OF FILM ON DWCS FILTERS

The possible effectiveneSs of a film in causing plugging of filters
and the very small quantity of particulate inorganic material observed on
these samplesiled us to perform additional studies to attempt to deter-
mine whether a film really did exist and, if so, to characterize it,
These studies, which were applied to both the front and the back sides of
samples F2 and F4, included surface analysis by secondary ion mass

spectrometry (SIMS), ion scattering spectrometry (ISS), infrared and



10

Raman spectrometry, and laser—desorption Fourier Transform mass spectro-
metry (FTMS). The results are given in Appendix B.

Analytical studies relating to the films on samples F2 and F4 are
qualitative and indicative, but not conclusive. All the data generally
support the presence of films which are of predominantly different com~-
position in the two cases. The film on sample F2 appeared to be pri-
marily organic with some silicon or organic silicate, whereas that on
sample F4 was predominantly silicon with possibly some organic component.
Some inconsistencies that were observed were probably related to the dif-
ferent thicknesses of the surface layer that the methods analyze.

The ISS method examines a very thin surface layer (only a few atoms
thick)., Carbon and oxygen were detected on both sides of each filter;
however, there was less carbon (relative to oxygen) on sample F4,
suggesting that its film contained more oxide. The amount of silicon was
small, if it was present at all, on sample F2; however, it was found on
both sides of sample F4 (more on the front than on the back). Iron and
chromium were found on both sides of sample F4, indicating that at least
some metal filter medium was very close to the surface; it was noted
above that the film may have flaked off part of the surface of this
filter. These elements were not observed on sample F2 until after
repeated scans (which eroded the surface to the extent of perhaps 0.1
pm); then they appeared only on the back side. Thus, the coating on the
upstream side of sample F2 was relatively thick. There was -also evidence
for a small amount of FeO on the front surface of sample F4,.

The SIMS method, which examines a much thicker layer (up to the order

of 0.1 um thick), gives results generally consistent with the foregoing.
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Significant peaks characteristic of organic compounds were present on
both sides of sample F2, with the larger peaks found on the front. Such
peaks were notably absent on sample F4. The siiicon peak was large on
sample F4 and enriched on the front surface, while it was small on sample
F2. The sodium peak was larger on the back of each filter than on the
front. Aluminum was present on all surfaces. Peaks for the filter-
medium metals, chromium and iron, were much larger on sample F4 than on
F2, suggesting that the film was thinner or may have flaked off part of
the surface of sample F4. Note that the filter presents a very rough
surface; therefore, the film varies in thickness from very thick over the
pores to quite thin over the high points, as shown in Figs. 1 and 2.

The FTMS method, which analyzes an even thicker surface layer than
does the SIMS method, also showed the two samples to be different. Both
have a large signal at mass 43, which is probably methyl silicon (from
organic silicate) but could possibly be BO7. Several other peaks are
indicative of silicon, and there is no evidence for boron in any of the
other determinations (above). The data also indicated that the film was
very nonuniform, with substantial variations occurring from point to
point on the sample.

Two additional materials were tested with the FTMS method for com-
parison: (1) the borated hydraulic fluid, which was known to have been
spilled into the water; and (2) sugar, which is representative of poly-
saccharides that are reasonable products of biological activity (cell
membranes). In the case of sample F2, the peaks for sugar correlated
well with the observed spectra, but those for hydraulic fluid did not;

this supports the suggestion that the film is at least partly derived
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from biological material. For sample F4, there was poorer agreement with
the peaks for either material and a siliceous film was indicated.

Diffuse-reflectance infrared spectra from the front of sample F4
showed some weak, but meaningful, absorption in regions characteristic of
hydrocarbons and silicon—oxygen functionalities, and possibly also
bonding between silicon and organic carbon. These findings also support
the existence of a siliceous film on the front of sample F4. The back
side showed only the hydrocarbon bands. It is possible that all
stainless steel surfaces are covered with a thin coating of hydraulic
fluid, but this coating does not comnstitute the film. Sample F2 was not
examined by this method.

These results support the presence of films on the DWCS filter
samples and suggest that the nature of the material forming the film
changed between the times samples F2 and F4 were taken. The film on
sample F2 had a large organic component that was probably derived from
biological growth. Although the production of this material has been
largely eliminated, a reservoir of it may still exist somewhere in the
system, One might expect the problem arising from this component to
diminish with time since the material is gradually removed from the
system and is mot replenished.

The film on sample F4 contained a large amount of silicon and much
less organic material than did that on sample F2. The silicon probably
originated from the diatomaceous earth (DE) precoat used in the swimming
pool filter during the time between the test which generated sample F2
and that which generated sample F4. The use of DE is expected to con-

tinue, so this source of a film will probably persist; therefore, it will
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be necessary to deal with such siliceous material throughout defueling.

Two approaches that aré generally used (either alone or in combination)

are: (1) to provide an extended surface by precoating and continuously

renewing the surface by "body feed” and (2) to coagulate the very small

particles into larger agglomerates by modifying their surface properties
with a polymer additive. These methods are currently being used for

water treatment in the plant.
3. FILTRATION TESTS WITH TMI-2 REACTOR DEFUELING WATER

Filtration tests were carried out using a series of Nuclepore
filters, in succession, to separate the insoluble material into different
size ranges that could be further characterized. With one exception,
each of these tests was performed with 30 wlL of water. A 25-mm—diam
filter was used in test 1; the larger (47-mm-diam) filter was used in all
others. The exposed diameters were 19 and 37 mm, giving areas of 2,84
and 10.8 cmz, respectively. The "loadings" with 30 mL of feed were 10.6
and 2.8 nmlL per cm? of surface area, corresponding to filtration of water
at initial depths of only 10.6 and 2.8 cm.

The turbidity of the water was measured after each filtration.
Relative radiation levels of each filter (measurements made ~0.5 in.
away) and of the water after each filtration (measurements made at the
side of a polyethylene graduate) were determined with a survey instru-
ment. Finally, a sample of each filter was examined with an SEM with EDX
capability; the results are summarized in Sect. 4.

The three different water samples that were supplied by GPU Nuclear

can be described as follows:
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Wl - This sample was taken on September 8, 1986, after a bleed/feed
procedure, following core bore, and prior to swimming pool fil-
ter operation; the turbidity was reported to be 71 NIU, Filter
sample F2 was used to filter similar water.

W2 - This sample was taken on September 22, 1986, after swimming
pool filter operation; the turbidity was reported to be 25 NIU.

W3 - This sample was taken on October 16, 1986, after DWCS operation;
the turbidity was reported to be & NTU, (Filter sample F4 was
used to filter similar water.)

3.1 NUCLEPORE FILTER TEST 1

Test 1 was carried out with water sample W1 (turbidity = ~71 NIU).
The Nuclepore filters were 25 mm OD with an exposed diametar of 19 mm.
The 30 mL of water (10.6 mL/cmz) was vacuum filtered through a sequence
of filters of successively smaller pore slizes. After passage of the
water through each filter, the radiation levels of the filter and the
filtered water were measured and the turbidity of the water was deter-~
mined. These data are listed in Table 1.

Table 1. Results obtained in Nuclepore filter test 1

Pore size Turbidity Radiation level (mR/h)
of(£;§ter Sitﬁilzg;gg Filter Filtered water

10.0 20 30 60

2.0a 29 800 30

1.0b 15 120 24

0.6b 5.1 110 24

0.4 2,2 24 21

0.1 0.24 25 19

aFilter collected a large amount of solids smaller than 2 um, in
addition to the 2~ to 10-um fraction, leaving less of the finer material
for subsequent filters.

bFilter contained some material smaller than nominal pore size.
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Because of the buildup of solids over the pores of the 2-um filter,
the effeétive pore size was decreased and the filter collected a large
quantity of solids with particle sizes much smaller than 2 um.
Accordingly, less solid material was left in the water that was fed to
the filters with smaller pores., The l-um filter similarly collected par-
ticles smaller than 1 um, but not to so great ah extent. Thus, the Z2-um
filter collected more solids than Qere actually in the 2~ to 10-um size
range, and the filters smaller than 1 um collected less solids than were
present in the defueling water in their appropriate size ranges.

The behavior of the 2-um filter may explain the problem from plugging
in the large DWCS filters. A pile of particles collected over each
filter pore (Fig. 4), and the surféce of the pile is composed largely of
very small particles. Regardless of the pore size of the filter media,
partial blockage of the pores decreases the size of the flow paths so
that successively smaller particles are collected. This process con-
tinues until the finest particles bresent to any substantial extent will

determine the effective pore size of the filter.

3.2 NUCLEPORE FILTER TEST 2A AND 2B

Water sample Wl was also used for both parts of this test. 1In part
2A, the test procedure was the same as that used in Nucleporé filter test
1 except (1) intermittent swirling of the solution was used to disperse
particles away from the pores; (2) a larger (47-mm-diam) filter was used
to provide more efficient size fractionation and thinner deposits, which
were more appropriate for SEM particle characterization; and (3) two addi-
tional filters, 5~ and 0.8~-um, were added to the sequence. Some buildup
of small particles still occurred on the 2-um filter, but not on the

others. Radiation and turbidity data from test 2A are given in Table 2.
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Fig. 4. Particles piled over pores of 2~um Nuclepore filter from
Nuclepore filtration test 1: water sample Wl (turbidity = ~71 NTU).
Note presence of very small particles.
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Table 2. Data obtained in Nuclepore filter test 2A

Pore size Turbidity Radiation level (mR/h)
of(ﬁiiter‘ 3§t§i1§§§§§ Filter Filtered water
Initial 93 60
10. 88 38 58
5. 90 43 53
2.02 49 360P 30
1.0 24 130 28
0.8 19.6 25 23
0.6 12.1 49 21
0.4 5.4 56 19
0.1 0.34 50 18

AFilter collected some solids smaller than 2 um.

bRadioactivity level of 2-um filter after filtration of 5 mlL of
solution measured 32 mR/h, corresponding to 192 mR/h for this test.

In part 2B, 10-, 5-, and 2~um filters (all 47-mmdiam) were used to
filter only 5 mL of sample Wl water. This avoided the pileup of diverse
particles over the pore openings and yielded a 2~ to 5-um sample which had
well~separated particles and was more suitable for SEM examination. Such
samples were designated as "diluted 2 um.”

The radioactivity level of the water in the original bottle of sample
Wl measured 900 mR/h at the bottom and 15 mR/h at the top before shaking;
after shaking, it measured 200 mR/h at the middle. (All determinations

were made at a distance of 1/2 in. from the bottle.)
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3.3 NUCLEPORE FILTER TEST 3

Water sample W2 (turbidity, ~25 NTU) was filtered successively
through a similar series of Nuclepore filters to separate particles into
narrow size fractions, as was done in test 2 (see Sect. 3.2). There was
little, if any, pore blockage with this water. The test was performed
with 30 nL of water on 47-mm-diam filters. The radiation levels of the
filters and the filtered water and the water turbidity determinations

after each filtration are reported in Table 3.

Table 3. Results obtained in Nuclepore filter test 3

Pore size Turbidity Radiation level (mR/h)
of(ji;ter Sitiiltg;ﬁg Filter Filtered water
Injtial 22 36
10. 21 4 37
5. 21 4 34
2.0 21 9 32
1.0 16.2 42 31
0.8 13,0 20 28
0.6 8.8 46 25
0.4 4,2 54 22
0.1 0.30 63 20

The radioactivity level of the original bottle of sample W2 measured
460 mR/h at the bottom and 75 mR/h at the top, before shaking, and 120
mR/h at the middle, both before and after mixing. (All determinations

were made at a distance of 1/2 in. from the bottle.)
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3.4 NUCLEPORE FILTER TEST 4

The same filtration sequence was carried out with water sample W3,
which had a turbidity of ~4 NTU. Again, 30 mlL of water was used with
47-mm filters. The filters were very lightly loaded with particles.
The radiation levels of the filters and the water turbidity measurements

after the various filtration steps are reported in Table 4.

Table 4. Data obtained in Nuclepore filter test 4

Pore size Turbidity Radiation level (mR/h)
of(ﬁiﬁter 3£t£il§§;§? Filter Filtered water
Initial 2.5 29
10.0 2.3 <1 28
5.0 2.3 €1 25
2.0 2.2 2 24
1.0 1.6 2 25
0.8 1.3 4 25
0.6 0.9 3 | 25
0.4 0.51 6 22

0.1 0.20 6 21

The radiocactivity level of the bottle of sample W3 measured 130 mR/h
at the bottom, 100 mR/h at the middle, and 92 mR/h at the top before

mixing; it was 110 mR/h at the middle after mixing.
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4. EXAMINATION OF NUCLEPORE FILTERS BY SCANNING ELECTRON MICROSCOPY
Small sections of each Nuclepore filter from the tests described in
the preceding section were examined with an SEM, and various areas of the
filters and of individual particles were analyzed by EDX. The results of
these observations are summarized here; complete data are included in the
Appendixes. Two different SEM instruments were used. One, which gave
significantly better resolution for small particles, was used to examine
the smaller pore-size filters; the other was used to examine the larger
pore-size filters. Data from the two instruments are presented in dif-

ferent formats (see the Appendixes).

4.1 TINTERPRETATION OF SEM PHOTOGRAPHS

The summary presented later in this section brlefly describes some
of the particles. SEM photographs of each filter are included in the
Appendixes. These photographs were made at several magnificatioms, up to
20,000X in a few cases. Since the magnification is changed during photo~
graphic reproduction, a calibration scale is provided on each figure for
estimating particle sizes. The filter pores are also an indication of
scale.

Particle appearances vary greatly. Recognizable material includes
diatoms from filter precoating and core—debris fragments with sharp edges
and corners, presumably from the core—drilling operations. Many par-
ticles show no particular structure, and many appear to be agglomerates
of much smaller fundamental particles. In the case of very small par-
ticles, the fundamental particles were of the proper size to have passes
through the previous filter; however, the aggregates are larger, so they
were presumably formed between filtrations. The smaller size fractioms,

in particular, contain globular or spherical particles.
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An important, but qualitative, feature is the apparent brightness of
the particles. Most photographs are secondary electron images (SEI),
which provide, in general, a topographic view of the surface. Elements of
higher atomic number (Z) scatter electrons more efficiently than those of
lower Z; thus, high-Z particles appear brighter or white, while
low~Z material 1s gray. A reference point 1s the smooth organic filter
material itself. Since the brightness and contrast controls of the
instrument can be varied over a wide range, such observations are only
qualitative at best. However, in many cases, they provide an indication
of which particles contain, for example, light (8i, Al, Ca), intermediate
(Zr, Cd, Ag), or heavy (U) elements.

This difference can be greatly accentuated by using the backscatter
electron image (BEI), which was done in several cases. Backscattering by
an angle of nearly 180° is more efficient with heavy elements but prac-
tically nonexistent for light elements. As a result, organic particles,
consisting predominantly of low-Z elements (C, H, 0) are effectively
invisible. A comparison of the SEI and BEI images of the same area gives
a good indication of the fractions of the particles that are of reaso-
nably high Z and of low Z. Low=~Z particles that do not contain elements

heavier than sodium are most likely to be organic in nature.

4.2 PARTICLE SIZE DISTRIBUTION

An effort was made to estimate the density of particles in each size
range by counting the number of particles in the SEM photographs. Also,
a rough estimate of the volume of solids in each size range was made by
calculating the volume of the solid particles, assuming that each par-

ticle diameter was equal to, or slightly less than, the mean of the filter
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pore size range 1in which the particle was collected. For example,
particles that were collected on the l-um filters were assumed to have a
diameter of 1.4 um. For those particles collected on the 10-um

filter (the largest pore-size filter used), the particle diameter was
asgsumed to be 15 um. The results of these estimates are summarized in
Table 5, and the estimated particle size distribution is shown in Fig. 5.
The accuracy of these data was poor in some cases because either (1) too
few particles were present to permit a statistically significant count,
(2) the particles were not distributed uniformly, (3) sc many particles
were present that they covered each other, or (4) many small particles
were agglomerated into larger clumps. The precision of data obtained
from different SEM photographs of particles within the same size range
varied from a factor of 2 (in most cases) to much larger factors (in a
few cases). Even though some of the results may be inaccurate, the data
as a whole were analyzed and some interesting observations were noted,
as described below.

For water sample Wl (turbidity = ~71 NTU), which represents the state
of the defueling water after the core bore operations and a period of
settling (but before any filtration), the particle size distribution
of the contained solids was reasonably close to a log-normal distribu-
tion, as evidenced by the approximately linear plots shown in Fig. 5.

For water sample W2 (turbidity = ~25 NTU), which represents the
state of the defueling water after some filtration through the swimming
peol filter containing a diatomaceocus earth (DE) precoat, the number of
core—debris particles within the l- to 10-um size range was reduced
substantially. At the same time, relatively large DE particles were

introduced (and observed in the SEM photographs). The net result was



Table 5. Estimates of number and volume of particles in various size ranges

Relative particle size distribution (X larger than specifi_c gize)

Filter Number of particles/cm? Water sample Wid Water sample W28 Water sample W3¢
p?:;)size s:z;iz s:;;;: S::;i; No. of Volume of No. of Volume of No. of Volume of

wia wab wac particles solids particles solids particles solids

10 SE3 383 4E3 0.00 5.7 0.00 11 0.00 50

5 5E4 5E3 5E3 0.00 13 0.00 13 0.00 58

2 2E6 8E4 71E4 0.15 35 0.01 16 0.04 67

1 3E7 187 7ES 2.4 69 0.9 51 0.4 75

0.8 1E7 5E6 2E6 3.1 72 1.3 56 1.1 80

0.6 1E8 4E7 5E6 11 86 4.8 74 3.4 88

0.4 2E8 1E8 8E6 26 97 13.4 90 7.1 93

0.1 1E9 1E9 2E8 100 100 100 100 100 100

Total 1.3E9 1.2E9 2.2E8

8Tyrbidity of water sample Wl = ~71 NTU.
bTurbidity of water sample W2 = ~25 NTU,

CTurbidity of water sample W3 = ~4 NIU,

14
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was that the number of particles in the >10-um size range was about
the same, but the particles were of different composition.

In the case of water sample W3 (turbidity = ~4 NTU), which represents
the state of the defueling water after additional filtration through the
DE~precoat swimming pool filter and also some filtration through the
0.5-ym~-rated DWCS filters, the number of particles in the >2-um range was
not reduced as compared with sample W2. This was because of (1) the
effectiveness of the swimming pool filter in removing the larger core-
debris particles in both cases and (2) the addition of the larger DE par-
ticles. In contrast, the number of particles in the <{2~-um size range was
substantially decreased by the 0.5~um-rated DWCS filters.

The introduction of DE fragments biased the particle size distribu-
tion extensively. The increased component from these large particles
appears in the curves of Fig. 5 as a steeper slope, especially at the
upper end of the lines and as a displacement of the curves to the right.

These data demonstrate that sample W3 (turbidity = ~4 NTU) contained a
relatively higher percentage of large-particle méterial; this was
derived from DE fragments and was, therefore, silica-rich as compared
with the particles that would be expected if the DE material was not present.
This silica source dominated the total water impurity content. Waste
clarification methods currently being used depend on the injection of DE
"body feed,” and it 1s possible that some of these solids will escape the
filtration system, It is likely that DE particles will be controlled
more effectively with DWCS filters than with the swimming pool filter,
which was used during the time that the water samples studied here were
obtained. Accordingly, the DE particulates should occur to a smaller

extent than is indicated by the results of this study.
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The smaller—size ({1-um) particles appear to be derived predominantly
from the reactor system (core debris and possibly some organlc material).
Since ongoing defueling operations will continue to resuspend existing
core—debris particulates and generate new debris, that source of solids
should be expected to persist throughout defueling. These small particles
scatter light much more effectively than larger ones, although large par-
ticles may constitute the bulk of the solids. Consequently, small par~
ticles from the core debris will probably continue to represent a potential
visibility problem.

4,3 INTERPRETATION OF ENERGY-DISPERSIVE X-RAY FLUORESCENCE (EDX)
SPECTRA

The summary presented at the end of this section identifies and
estimates the inorganic elements observed in the EDX scans. They are
listed generally in the order of decreasing intensity (or peak height)
of the characteristic X-ray lines observed for each element. Very light
elements (Z < ~11) were not detected; this range includes borom (known to
be present) and carbon (from organic material, which may be present).

All other elements can be detected, although with varying efficiencies,

It should be emphasized that these listings are not quantitative
measures of relative abundance; in fact, they may not even be in the
proper qualitative order. Different groups of elements were detected
by means of different orders of X-rays: K X-rays were used to detect
"light elements” (Z from ~12 to ~45); L X-rays were used to detect
heavier elements (Z > ~35); and M X-rays were used to detect the
heaviest elements, notably uranium for which both L-type and M—-type X-
rays appeared. There were important interferences which, in a few

cases, made element identification uncertain.
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The emission intensities of the different orders of X-rays vary,
and the efficiencies for exciting them decrease monotonically with
increasing Z. Interactions that involve the absorption of primary
X-rays and the emission of secondary ones occur within the material
being examined. Although corrections can be applied so that quan-—
titative X-ray fluorescence determinations can be made with ideal
samples (smooth surface and thick), this is not practical with small
samples of small particles, such as those encountered in the present
study. Because of the considerations noted here, even an estimate of
the qualitative order of abundance is uncertain. Accordingly, the
listings reported should be interpreted only as approximations.

In most cases, X-ray spectra were obtained for individual particles
or small aggregates of particles, ranging from a few micrometers to
submicron size, by focusing the electron beam on the particle of
interest. There is often some contribution to such spectra from
material immediately adjacent to and underneath the particle of
interest. Area scans of the solids on the filter, representing the
entire surface of the corresponding photograph, are given in some cases.
Area scans represent many particles .(usually hundreds or thousands)
and are, therefore, a sort of average composition plus a contribution
from the filter media that may dominate.

There is a natural tendency to select for analysis those particles
which are of unusual appearance and to examine only a relatively few
particles typical of the bulk of the material, so it is not easy to
convert the analyses for individual particles to an average for all

solids present. This can be done, to some extent, by estimating the
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relative quantities of particles of similar characteristics or
appearances in the photographs. The least that can be said is that
those compositions which are observed do, in fact, exist in this
system.

The X-ray spectra from light elements, such as those found in
organic material and the filter media, generally appear as Compton
backgrounds with small X-ray peaks denoting any trace elements present.
A significant Compton background is always present in scans of very
small particles or of areas. This background appears to be suppressed
if large X-ray peaks are present because the Y—axis scale (counts) is
expanded to match the largest peak. In the Appendixes, the Y-axis
gcale 1s indicated on the spectra either by a number followed by "FS"
(e.g., 125FS) or by "VFS=" (e.g., VFS=1024)., If the Compton background
dominated the spectrum, no large X-ray peaks were present; in such
cases, the Y-axis scale is relatively small. This suggests that there

was no significant quantity of any element heavier than sodium.

4.4 GENERAL OBSERVATIONS

At least 26 elements were found in the various solids; in addition,
light elements such as carbon and boron must be present. The elements
detected include Na, Mg, Al, S8i, S, C1, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu,
Zn, Br, Zr, Mo, Ag, Cd, In, Ba, Ce, Pb, Bi, and U. Of these, Al, Cl,
Cu, and Zn were present, to some extent, as artifacts due to sample
preparation and mounting; in many samples, however, Al, Cl, and, in
some cases, Cu were present far in excess of such amounts.

Many of these elements were expected, such as Fe, Cr, Ni, Zr, Ag,

Cd, In, and U (from the reactor system) and Cl, S, Al, Si, and Ca (as
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common or known impurities). However, some were unexpected; these
include Mo in quite a few samples, Br in several, Pb and possibly Bi in
a very few, K in large amounts in a few, Mn in a few, and rarely Ce and
Ba (the Ba X-ray could be an artifact from the decay of 137¢s in fuel-
bearing material).

A wide range of particle sizes and compositions was observed in all
water samples, but there were systematic variations in the nature of
the solids according to particle size. 1In general, the larger (>5-um)
particles were composed of light elements (Si, Al, Ca, and sometimes Fe
that was usually free of Cr and Ni); there was also a small amount of
other materials, including core debris (Zr, U, and Ag), which was prob~
ably associated with some of these larger particles as agglomerates.
The large particles were relatively few in number and probably do not
contribute significantly to the water problem.

A change in character of the particles was observed starting with
the 2~ to 5-pm fraction for water sample Wl (turbidity = ~71 NTU) and
the 1~ to 2~-um fractions from samples W2 (turbidity = ~25 NTU) and W3
(turbidity = ~4 NTU).  As the particle size decreased through these
ranges, a larger amount of solids appeared and the solids contained
less of the light elements but more core debris. Individual debris
particles, in most cases, were composed predominantly, or almost
entirely, of only one element: U, Zr, or some mixture of control rod
metals (Ag, Cd, and In were each dominant in different particles).

Iron was also present, sometimes relatively pure and sometimes mixed
with Cr, Ni, or both. In addition, aggregates of several types of

particles occurred.
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As the particle slze decreased below 1 um, the light-element frac-
tion (Al, Si, Ca) decreased greatly and the fraction of core-derived
material generally increased. There was also a tendency for some par-—
ticles in the few-tenths micrometer size range to be rounded or globu-
lar, suggesting that they resulted from molten material (control rod)
or aerosol condensation (refractory oxides, uranium), although some
fragmented material was observed as well,

As the particle size decreased further, there was increasing evidence
for particles containing only low—Z elements (e.g., organic material);
and that appeared to dominate in the smallest fraction, 0.1 to 0.4 um,

A substantial amount of material was found in this size range (Fig. 5).
Under higher magnification, many particles were rounded and particles
even smaller than 0.1 um were observed (Figs. 6 and 7); however, there
was still some core—derived material in this fraction (i.e., the bright
core in the particle near the center). In the smaller-size material,
especlally, there was evidence for the aggregation of small, often
spherical, particles into small clusters.

Particles with the same general characteristics were observed in each
of the three water samples. The primary difference involved the amount
of solids present; substantially less of the metal—containing solids (but
still a very significant amount) was found in the lower~turbidity waters,
especially sample W3. There was also less small-sized low-Z material
(presumably organic) in the lower-turbidity waters, but it probably did
not decrease as much as did the amount of larger—-sized (metal-containing)
sollds. However, it is difficult to estimate the amount of such material

accurately,
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Fig. 6. Aggregation of small particles on O.l~um filter from
Nuclepore filtration test 3: water sample W2 (turbidity = ~25 NTU).

Fig. 7. Enlargement of the region shown in Fig. 6. Note the pre-
sence of rounded particles, very small particles, and aggregates.
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The filters were examined using an SEM with EDX capability., The
analytical data reports (photographs and EDX spectra) are detailed in
Appendixes C through E; the results for each analysis are summarized in
the subsections that follow. For cross reference, each photograph is
referred to by 1its 1dentification number, which is given at the left
margin of the listing that follows, as well as on the photographs in
the Appendixes., Each photograph also includes a scale indicated by a
line labeled with its corresponding length in micrometers (designated
as "U” or "um"). Within a given EDX analysis, elements are generally
listed in the order of decreasing relative X~ray peak heights; these
values are not necessarily the same as theilr relative abundances,

4.5 EXAMINATION OF NUCLEPORE FILTERS FROM TEST 1: WATER SAMPLE Wl
(TURBIDITY = ~71 NTU)

10-um Filter (Figures C.1-C.2)

Photograph Comments

18412 Few large particles; widely separated

18413 10- to 13-pm ill-defined particle— Ca > Si >> Cl, Al > Fe
18414 1. 5-um—diam x 30-um~long rod; essentially all silica

2. Cluster of small particles on end of rod—
Fe >> Al, Ni > Si > Cl, Cd (no Cr)

3. 5 x 10 um poorly defined particle— large Compton
background and no metals; probably organic
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2-um Filter (Figures C.3-C.4)

Photograph Comments

18415 Very heavy deposit; particles (some <<2 um) piled over
pores

18415 Area scan; X~ray spectrum of area is complex.

Some peaks may be misidentified— Cd (Ag, In), Fe > Zr >
Al, Si > Cl; Ni appears smaller than in S8S, and Cr is
absent; U was not detected but could be present in small
concentration

18416 Scan of small area; most particles <<l imm; largest,
2 x 4 ym— Cd, (Ag, In), Fe > Zr > Al, Si, Cl > Ni

18417 Area scan similar, but possibly U present

l1-ym Filter (Figures C.5-C.6)

Photograph Comments
18418 Large area, moderately heavy deposit; some particles piled

over pores, but many pores visible.
Area scan— complex spectrum: Mo, Zr, Fe, Cd, Al, Si, Pb,
(Bi), Zr

18419 Small area— K, Cd? >> Al, Mo, Ag, Fe, Zr, Cl, Cr, Ni, Pb;
Si peak small, if present at all

18420 Agglomerate of small particles— Fe, Pb, Bi, Mo, Al

0.6-um Filter (Figure C.7)

Photograph Comments
18421 Large area, moderately heavy deposit; rounded particles

tend to pile over pores; some particles appear spherical
or globular. ,
Area scanm— Mo, Fe, Pb, Bi, Zr, Al

18422 Fuel or control rod residue in white particles;
spheres are fuel residue or Ag-Cd in separate particles
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0.4~um Filter (Figure C.8)

Photograph Comments

18424 Moderate deposit; lighter, but similar, to 0.6—um filter;
both white and gray particles; tendency toward meore
spheres.
Area scanAl, Cl, Fe, Si, Compton background (from
filter media)

18425 Individual particles variable— some U, Ag~Cd, Si-Al

0.1-pm Filter (Figure C.9)

Photograph Comments

18426 Small, but significant, deposit of small particles, plus
a very few larger, apparently aggregated particles.
Area scan— mainly Compton background; very small indica-
tion of Cl, Fe; mostly low-Z material, probably organic

18427 3000%X— many small (<0.1- to 0.3-um) poorly defined par-

0.4~um Filter;

ticles.
Area scan— mainly Compton; trace Cl, Fe

reexamination with different SEM (Figures C.10-C.19)

Photograph Comments
4367 Both white and gray particles; many rvounded or spherical
4368 Area scan— Br, Cl, Ag, Si, Fe; all small peaks over
large Compton
1. Two small white cores in bright particle— nearly pure
Zr; trace Al, Si, Fe, Cl, Ag
2. Rounded white core in gray particle— pure U
3. Similar to (2)~ nearly pure U; trace Al, Si, Fe
4, Gray sphere— Compton background dominant; trace Al, Si,
Ccl, Fe, Cu, Br?
5. Light gray in gray— Ag > Zr; trace Al, Si, Fe; maybe
Mo, C1, U
4365 Note white core in some gray particles
4366 20,000X shows agglomerate of 0.2- to 0.4-um spheres
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4.6 EXAMINATION OF NUCLEPORE FILTERS FROM TEST 2: WATER SAMPLE Wl

(TURBIDITY

= ~71 NTU)

10-um Filter (Figures D.l1-D.4)

Photogragh

18428
18429
18430

18431

18432

18433

Comments

Widely spaced large particles
1. Diatom particle— nearly pure Si
2. Diatom particle~ nearly pure Si

3. 4 x 7 um particle with regular shape— Al, Si >> Fe, Ba,
Ce, Cl1

4, 10~pm irregular particle, agglomerate?~ Fe >> Ni > Cd,
Cl, Al, Si

5. Small "flake,"” irregular— Fe >> Ni, Al, C1, Cd, Si

6. 10~um rounded particle, rough surface— In, Cd?,
Ag > Mo > Fe, Al, Cl, Si

7. Diatom— pure Si

5-ym Filter (Figures D.5-D.8)

Photogragh

18434

18435

18436

18437

18438

Comments

Widely spaced particles

1. 9 x 12 um fuzzy agglomerate— Fe >> Cd, Si, Mo, Ni, Al,
Cl

2. 5-um particle with square corners— Si (diatom fragment?)

3. 4 x 7 um particle— Fe > N1 > Si, Al, Cd, C1, Mo

4. 4 x 8 um pointed particle— Al, Si >> Ba, Fe, Ni, Sn?
5. 5-um plus small crystals— Al, S8i > Fe > Ba, Mo, Cd, Sn?
6. 6 x 8 uym particle— Fe >> Al > Si, Ni, Cd

7. 7-um, rounded particle— Fe >> Al, Cd (In?), Ni, Si,
maybe Zr

8. Sharply edged pafticle— Zr > Ag >> trace Fe

9, 7-uym fuzzy particle— trace Fe, Ba, Si, Al, Zr, Cl
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2~um Filter (Figures D.9-D.10)

Photograph Comments

18446 Heavy deposit; particles piled over pore openings

A. Cylinder, 7 ym diam x 50 um long— Si > Ca > Al
B. Identical particle (Si/Ca/Al, ~4/2/1)

18447 l. Bright 3 x 4 ym particle— Fe > Al, Si, Ni > Cd, Ag, In,
Zr, C1, Cr

2. Small particles over pore— Cd, In, Ag, Fe > Zr, Al, Si

3. Similar to (2) plus 2-pm sphere— Fe > Ag, Cd, In, Cl1,
Al, Si, Zr

4. Large agglomerate— Si, Zr > Fe, In, Cd, Ag > Al > Ni,
cl

"Diluted 2—-um™ Filter (Figures D.11-D.15)

Photograph Comments

18439 Well separated particles

18440 l. 12-pm~long, thin, rough surface— trace Al, Fe, probably
organic

18441 2. Large agglomerate~ Cl > Al, Si > Fe

3. Bright, smooth, curved surface~ Cd »>> Zr, Fe, Al, Cl

4. 2 x 3 um agglomerate; bright region— Fe, In (Ag, Cd),
Al > Mo, Si

5., 3~um grain; rough surface— U > Zr > trace Al, Fe

18442 6. 8 x 10 um angular particle— Al >> Mo > trace Fe
7. 6~um thin flake— Zr >>> Ag, Cd, Fe, Cr, Ni, Al
8. l-um round particle— Fe = Cr > Al

18443 9A. 3 x 4 um bright, sharp-edged, angular particle— Zr > U >>
Fe, Al

9B. 2-um, rounded, fuzzy particle— Fe >> Al, Si, Ni, U, trace
Cl

9C. 1 x 2 um, grain— U > Zr >> Fe, Al, Cl
9D. 2 x 3 um gray, rounded, fuzzy particle— Al, Si >> Ba, Fe

9E. 4 um, sharp grain-—- U > Zr
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1-ym Filter (Figures D.16-D.18)

Photograph
18444

18445

Comments

Good distribution of 1- to 2-um white and gray particles

1. Bright particle in agglomerate— U >>> Al, Fe, Ni
2. Gray agglomerate4 Fe, Al, S1 > Cl; large Compton
3. White angular particle— Ag > In > Mo > Fe, Al, C1
4. White angular particle~ U > Zr > trace Al, Cr, Fe, Cl

5. Gray area of agglomerate— Fe > Al, Cl1 > Cd, Mo, Zr
(Compton)

6. Bright area, same agglomerate— U > Zr > Fe, Al, Si, C1

7. Mixed agglomerate— Fe, Zr, Ag-Cd-In, Al > Si, Cl >
trace Ni

8. Bright, rounded particle— In (Ag, Cd) > Zr, Fe > Al >

5i, Cl, trace Ni

9. Dull gray particle— Fe > trace Al; mostly Compton

0.8-um Filter (Figures D.19-D.26)

Photogragh
4387

4388
4389

4390

Comments

Widely scattered particles and agglomerates

Bright 0.8-um particle with smaller gray particles— Fe >

Al; trace Ni, Cl1, S5i, S, probably Zr, Cl, In, maybe Cd
White sphere with gray shell around it— Ag > Zr, §
Small white spheroid in small bright particle— pure U

Cluster of bright particles, each <1 wm— 2r >> U
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0.6—um Filter {Figures D.27-D.33)

Photograph Comments
4391 Scattered white and gray particles and agglomerates
1. White sphere, 0.7 um— pure Ag
2, Bright O0.5-um sphere, gray shell— Zr >> Cr, trace Fe,
U, A1, Si
3. Gray round particle— Fe, Br >>> Ag, Ni, Cu, Cl, Si, Zr
4, Light spot in transparent shell— large Compton back-
ground; Fe, Br, Ag, (Cd) > trace Si, Zr, Sn
4392 Area scan— U > Zr, trace Fe, Al, Si

0.4—um Filter (Figures D.34-D.39)

Photograph Comments

4393 Scattered bright and gray particles and agglomerates
Area scan— U >> Fe > Zr, Al, Si

4395 White angular particle— Zr >> Ag, (Cd), Fe, Si, Al

4394 "Normal” secondary electron image (SEI); shows topography
with some dependence of brightness on Z

4396 Backscatter electron image (BEI) of same area; high-2

elements are bright, while low-Z elements are dark

0.1-um Filter (Figures D.40-D.45)

Photograph Comments
4397 BEL
4398 SEI; heavy scatter of agglomerates and small particles

down to submicron size; many particles rounded
1. Small, white particle— U, trace Fe, Al, Si, Zr, 5, Cl

2., Three different particles, rounded, small; light on SEI
but nearly invisible in BEI~
Fe >> A1, Si, Cl1, Cu, Compton background;
Fe, Ag, S, Al, Si, Compton background;
Fe >> Zr, Cu, Ca, Cl1, S, Si, Al, Compton background

3. Gray; faint in BEI—~ Fe >> Zr, Cu > trace Al, Si, §, Cl1,
Ca, Zn
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4.7 EXAMINATION OF NUCLEPORE FILTERS FROM TEST 3: WATER SAMPLE W2
(TURBIDITY = ~25 NTU)

10-um Filter (Figures E.1-E.5)

Photograph Comments
18448 Very few particles
18449 l. 8 x 30 ym long particle— Compton background; low-Z

elements; some Cl

18450 2. 7 x 14 ym agglomerate— Fe, Ag, Cd, In > Zr > Mo, (1,
Al > Si, maybe U

3. Bright, 5 x 10 um particle— §Si > Cl > Fe

18451 Very few particles; some <10 um

18452 1. 11 x 22 ym agglomerate— Zr >> U, Cd, Ag, In, trace Cl,
Fe

18453 2. Gray, layered structure— Compton background; trace Cl

18454 3. 3~pm, white, rounded particle— Compton background >

trace Si, C1

4. 2.4 x 4 ym pointed particle— Compton background >
trace Cl, Si

5. 2- to 3-um gray agglomerate; small particles— Cl;
Compton background

18455 6. 3 x 8 um particle with small spheres on surface—
Compton background; Cl > si

18456 7. 6 x 8 um rounded particles, similar to (6)— Compton
background; Si, Cl1

5-um Filter (Figures E.6-E.9)

Photograph Comments

18457 Very few widely scattered particles

18458 1. 15 x 20 um, nebulous— Compton background; trace Cl
18459 2. 8 x 24 um particle, similar to (1)~ Compton background;

trace Cl
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18461

18462

18463

18464

40
3. Aggregate; ~5 x 8 um particle— Fe >> Cl > Al, Si, Zr,
S, Ca
4, 5-um fuel grain shape— U, trace Zr, Cl
5. 4 x 6 ym agglomerate— Fe > Al, Cl, U > S8i, Zr, Ni > Ca
6. Thin, bent shell or flake— Si

7. 1.5~um small aggregate— Compton background; Cl, maybe
Al, Si

8. 8-pm, rounded, maybe layered particle— Compton back-
ground; C1

9. 3 x 8 um elongated particle— Compton background;
Cl > si

2-uym Filter (Figures E,.10-E,.13)

Photograph Comments
18465 Scattered particles
1. Large particle— pure 5i
2. Small, round particle~ Zr >> Ag > U > trace Fe, Cl
3. Fe, Cr > Mn > U, Cd, In, Zr > Cl, Al, Ca
4, Fe (no Cr) > Cd, In, Ag > Al, Cl, Mo > trace Si, Ni
5. Pure U
6. Fe >> trace S8i, Al, Cd, Cl
7. Fe >> trace Ni, Cl, Al, Si
18466 8. 1 x 2 ym, bright, jagged particle— Zr > S5i, Ag, Cd, In,
ci, u?
9., Diatom fragment— Si
18467 10. 2 x 4 um smooth particle— Zr > trace U, Ag, Fe
18468 11. 2 x 4 um irregular (melted?) particle— Ag, Cd, In >> Mo >

Zr, Fe
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1-um Filter (Figures E.l4-E,.25)

Photograph Comments
4400 Normal SEI showing topography
4399 BEI of same area showing high-Z elements as white
A. Large white, rounded particle-;Cd >> U >> trace Ir
B. Small white particle, ~1 um— U >> trace Zr
C. Less-white, 2-um aggregate of fines— In > trace Fe >
maybe Si, Al
D. Near-white, pointed, 1 x 2 um particle~ U >> trace Zr
E, White, rounded, near 2-um particle— U >> maybe trace Zr
4401 BEL (F, G, and H are invisible)
4402 SEL of same area (F, G, and H are gray)

About l-um particle, pointed at one end— Zr >> trace
Ag, In, Al?, S5i7?, Fe?

{l-ym, elongated particle~ Fe >> Al, Ni, maybe Si

About l-um, gray flake~ Compton background; slight
trace Si, S

0.8~ym Filter (Figures E.26-E.39)

Photogragh
4412

4411

Comments

SEI (2000X)

BELI of same area (2000X)

A.

Bright particle, <1 um— Zr, U >> maybe trace Fe, Si, Al
Round, bright particle, ~1 um— U >> trace Fe, Cr, Al, Zr
Rouﬁd, bright particle, <1 ym— U >> trace Fe, Cr, Al, Zr
Bright particle, <1 pym~ U > Zr >> trace Al, Si, Fe

Smaller, round bright particle— U > Zr > trace Al, Si,
Fe?
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4413

42
F. Small light-gray particle— Fe >> trace Ni, Al, Si, S,
Cl, Ca?
Area scan— Compton background, maybe trace Fe, Al, Zr, U
BEI (6000X)
SEI of same area (6000X)

G. Rough, large particle, dim in BET— Compton background,
maybe Al, Si, Cl

H. <1-pm gray particle dim in BEI— Compton background,
some Al, Si, Zr, Ti, Fe, Cu

I. 0.8-um aggregate, moderately bright in BEI— Fe > trace
Al, Si, Ni > maybe S, Cl

0.6~ym Filter (Figures E.40-E.536)

Photograph Comments
4416 SEI (2000X%)
4415 BEI of same area (2000X)
Area scan— Compton background, trace Al, Cl, Fe, Br, Si
4417 SEI (6000X)
4418 BEI of same area (6000X)

A, Bright, angular particle, 0.5 x 1 ym— U > trace Zr, Fe,
Al, Si

B. Bright, rounded, 0.5-um particle—~ U > Zr > trace Fe,
S$i, Cr

C. Gray (SEI/BEIL), pointed, 0.5-um particle— In, Ag >
trace Al, S > Si, Fe

D. White, 0.5 x 0.8~um particle with corners— U
E. White BEI, gray SEI, end of crystal clump— U, Zr

F. White BEI, gray SEI, <0.5-um particles— U > trace Al,
Fe > S§1i?, Zr?

G. Gray cluster of ~0.7-um particles— Zr > Ag > trace Fe,
Al, Si, Br
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H., White, pointed, angular particle, 0.4 x 1 wm— U > Zr >
trace Al, Si
I. Gray, rounded, <0.5-um particle— Fe > Al > trace Si, Br
J. Similar to (I)— Fe > Al > trace Si, Br, Zr

4417 L. Large, gray structureless area— Compton background;
trace Al, Br, Fe

M. Dark gray cluster, faint on BEI- Si > trace Fe, Al, Zr,
Br

0,4-um Filter (Figures E.57-E.71)

Photograph ' Comments

4590 BEL image shows a thin scatter of white particles (2000X)
4588 SEI image of same area, with a good assortment of particles
4589 BEI image shows a few white particles (6000X)

4587 SEI image of same area, with many particles and agglomerates

Area scan— mostly Compton background; trace Cl, S, K > Cu,
Fe, Si, Al, Zn, Na

1. White, rounded 0,5-pm particle—~ U >>> trace Fe, Al, S17

2. l-um, gray agglomerate— Fe >> X, Al, S, C1, Si > N{i,
Cu, Z2r

3. Gray agglomerate— Fe >> K, Al, S, C1, 81 > In, Cu, Ni,
Na

4. Small white particle— U >>> possibly trace Al, Si, Zr,
S, Cu

5. Large gray agglomerate— mostly Compton background;
trace S, K, Cl1, Cu, Al

6. l-um gray platelet— Compton background; Fe >> trace K,
Al, S, S8i, C1, Cu

7. 0.5-um white particle— U >> Zr >> possibly Al, Si, Fe

8. l-um agglomerate— mostly Compton background; trace Fe,
K, S, CL

9. Small white particle— U >> Zr >> trace Fe, Al

10. Gray agglomerate— Compton background; trace Cl, S, K,
S1i, Fe
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O.1-um Filter (Figures E.72-E,.84)

Photograph Comments

4591 SEI image; good assortment of small particles and agglom-—
erates

4593 BEI image of same area, with very few bright particles
(6000X)

4591 Area scan— Compton background; Cl, § > Si, U or K, Cu >
Ag, Fe, Al

1, Tiny white particle in gray agglomerate— Compton back-
ground; trace S, Si, Cl, Fe, Cu

2. Rounded white particle— U, Zr >> trace Fe, Cu, Si, Al

3. Bright area in gray particle- U >>> trace Al, Si, C1,
Cu, Fe

4592 Blowup of No, 3 (20,000X); 0.15-um white core in 0.4-im
gray blob; note other spheres and agglomerates

4, Bright spots in gray agglomerate— Compton, Fe, Ag, Si,
S > Al, Cu

5. Gray agglomerate— C1 > Fe > Cu, K, S, 81, Al

6. Gray agglomerate— Compton background; Cl > Fe, Co, Ag,
S5i, Al > trace K

7. Small white area in gray blob— U > Cl >> Zr > trace Cu,
Fe, Si

8. Gray agglomerate— Compton background; small Ag, Cl, Fe,
S$i, S, Cu, Zn, Al

9. Gray sphere— Compton background; trace S, Si, Cu, Cl

4,8 EXAMINATION OF NUCLEPORE FILTERS FROM TEST 4: WATER SAMPLE W3
(TURBIDITY = ~4 NTU)
10~um Filter (Figures F.1-F.4)

Photograph Comments

184569 Few large particles
1. Large flake, 40 x 20 um— no structure; Fe (no Cr, Ni)

18470 2. Similar to (1)~ same composition + trace Si, Mo, Cl
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18471 3. Gray particle, ~20 um, with small white globules on
surface— Si, Ca > C1 > Al, Mg, Mo, K, Fe, Ti

18572 ' 4, 10~um agglomerate~ Mo, Si, Cl > K, Ca, Al, Mg > Fe;
Compton

5. Small (6 to 8 um), rounded particle— Ca >> Mg > trace Si, Cl, Fe

6. Odd-shaped particle, 20 to 30 um— Compton background, trace
Cl, Mo, Fe, Ni, Ca

7. 5 x 10 um pointed particle— Ca > 5i >> Cl, Al, Mg, S, K, Fe
8. ~10-um particle plus small fragments— Fe >> Ni, Mo, Cl, K
18473 9. Lump on filter; tiny surface particles— Ti (maybe La), Mo,
€1 > Al > Si, Fe, Ni, K, Ca
5-um Filter (Figures F.5~F.8)

Photograph Comments

18474 Very few particles

1, 8-um cotton ball— Si > Al > Ca, Fe > trace Cl, K, Mo
18475 2. 3-um agglomerate— Cl > Si, maybe Mg

3. 3-um fluff— Compton background; trace Si, Cl, Fe

4, Agglomerate of small gray particles— Ni > Cl1 > Mo >
trace Al, K

18476 5. Agglomerate of small particles— Ni, Cl >> trace 51, S,
Al
6. Large agglomerate of small particles— Cl, Ni > S, Ca >
Si, Al
18477 7. 12 x 15 uym; no structure— Compton background; trace Cl

8. 6~um agglomerate of small particles— U (maybe Cd),
Zr > Al, Cl, Fe '

18478 9. 3 x 10 um particle; no structure— Compton background;
trace Cl
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2-um Filter (Figures F.9-F.12)

Photograph Comments
18479 Scattered small particles
18480 1. 15 x 20 um agglomerate— Si > Cl1
2. 2 x5 um crystal— Zr, Fe > Cr, Cd, Cl1 > Ni
18481 3. 2-um agglomerate— Fe > Cr > Ni > trace Si, Ci
4, <l-um rounded particle— Fe >> Cr > trace Si, Al (no Cr,
Ni)
5 3 x 4 um particle with little structure— Fe > Si, Cl
6. Bright agglomerate— Fe, Al > Ni, Cl > trace Si
18482 7. Agglomerate of small round particles— Fe > Si, C1 > S,
Ni, Al
8. Small gray agglomerate, rounded— Fe > K, Cl, Al >
trace Si, Ni
9. 3-um agglomerate— Fe > K, C1 > Si, S, Al
10. Large agglomerate— Fe > K, C1 > Si, S
11. <1-pym particles— K > Cl > Fe
12. 2-pm, rounded particle— Si >> K, Cl

1-ym Pilter (Figures F.13-F.16)

Photograph

Comments

18483

18484

Scattered small particles

1.

2.

3.

4.

5.

6.

2 x 4 um agglomerate— Fe, Cl, Compton background

1 x 3 um agglomerate— Compton background; Cd, trace Cl
Similar to (2)— Compton background; trace Fe, Cl
Smaller agglomerate— Fe > Cl, Al, Compton background
Agglomerate— Fe, trace Cl, Compton background

Agglomerate— trace Fe, Cl
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18485 7. Agglomerate— Si, Al, Cl, Compton background
8. 2-um rounded agglomerate— U > Ag > Fe > trace Cl, Al
9. Agglomerate— Cl, Fe, Compton background

10, 0.5 x 1 um, rounded— Zr > Ag, Cl, Fe

0.8~um Filter (Figures F,17-F.26)

Photograph Comments
4606 Few particles, both white and gray
4616 Three particles close together

1. Angular, bright particle, 0.6 x 0.8 um— Zr >> U >
trace Fe

2. Irregular, bright particle, 0.4 x 0.8 pm~ Fe >> Cu, Al,
Si, Ni
Larger, light-gray agglomerate between (1) and (2)—
same as {(2)

4617 O,1-um white sphere inside gray shell— Ag, U, § > Cl1, Cu
4618 , 0.4 x 0.8 um globular white particle— Zr >> U
4619 0.7-um gray sphere plus smaller white spheres— Fe >> Cu, Ni >

trace Al, Si, Cl

0.6~um Filter (Figures F,27-F.30)

Photograph Comments
4558 Very few white particles and gray particles (2000X)
4559 , Few particles of any kind (6000X)

Particle near center— Zr > Al > Fe > U, Ni, Si

4560 0.6-um particle with white core (lower right on 4559)—
similar to 4559

4615 0.4-pm white sphere— U > Al, Zr, Fe
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0.4—um Filter (Figures F.31-F.44)

Photograph Comments
4531 Few particles, white or gray; many spherical or rounded
0.6-um white sphere— Ag > Al, Mo, Cu, Ni > Fe, ClL
4557 Very few white particles; more gray (2000X)
4555 Scattered white and gray particles (6000X)
1. Rounded, white particle, 0.6 um— Ag >> S > Al > Cu
2. Rounded, white particle, 0.8 wm— U >> Al, P > Si, Cu,
Bi
3. Gray particle, 0.8 um- Al, Si >> Cu, Ba, Fe
4. Dark—-gray sphere, 0.4 um— mainly Compton background;
trace Al, Cu
4556 Three small particles (20,000X)

1. Rounded white particle, 0.5 um— Zr >> U > trace Al, Si,
Cu

2. Gray particle, 0.5 x 1 ur— mainly Compton background;
S>AL > Cu

3. Gray crystal, 0.6 pm— Fe >> Al >> Cu, Si (no Cr, Ni)

O.1-um Filter (Figures F.45-F.49)

Photograph Comments

4529 Several small (0.l1- to 0,2-um) spheres and other gray,
low~-Z particles; 10% heavier than Si
Rounded O0,.5-um particle (or flake)— Compton background;
faint trace Al, Cu (organic)

4530 Very few small white particles (0.1 to 0.2 um); mere gray

particles
1. White globular particle, 0.2 to 0.3 um U > Cu > Zn, S1i
2. White sphere, 0.l to 0.2 ym— U >> Cu > Al

Most material appears to be organic; small amount of fuel or
control rod material; little, if any, light elements
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6. APPENDIXES
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Y-207034

Fig. A.l. Optical-microscope photograph of sample F2. Note the thin
film on the upstream (lower—left) surface.

Y~207038

Fig. A.2. Optical-microscope photograph of sample F3. Note absence
of film. '
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Y-2070135

S e SRR

20 pm 00X

Fig. A.3. Optical-microscope photograph of sample F2. Note film on
the surface.

Y-207039

20 pm JOOOX

Fig. A.4. Optical-microscope photograph of sample F3., Note absence
of film.



57

Fig. A.5. Scanning-electron-microscope photograph of sample F2.
Upstream surface, lower right,

Fig. A.6. Scanning-electron-microscope photograph of sample F2.
Upstream surface.
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Fig. A.7. EDX of particle on downstream surface of Fig. A.5.
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Fig. A.8. EDX of film on upstream surface of Fig. A.6.
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Fig. A.9. Scanning-electron-microscope photograph of sample F4.
Filter and epoxy mounting separated at film on upstream surace.

Fig. A.10. Scanning—electron-microscope photograph of sample F4.
Same region as shown in Fig. A.9.
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Appeundix B. ANALYTICAL STUDIES OF FILMS ON DWCS FILTERS

Reference

B.Z

B.3

Memorandum to D. 0. Campbell Page

Rs Lo Hettich and M. B. Wise, "Qualitative Analysis
of Organic Film on Three Mile Island Filter Sample,”
Dec. 12’ 1986. L] L] - - - L] L] - - - * - » L] L] » L] . [ ] L ] L ] 63

D. S. Zingg, "Surface Analysis of Stainless Steel
Filter Segments," Jan. 20, 1987 ¢ 5 o o o o o 5 o s 8 » 75

J. E. Caton, Request No. 91035, Jan, 9, 1987 . . . . . . 83
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To: David 0. Campbell Date: December 12, 1986

Subject: Qualitative analysis of organic film on
Three Mile Island filter sample.

Summary of Experiments

Two samples of filter materials were examined by laser
desorption Fourier transform mass spectrometry (FTMS) and diffuse
reflectance infrared absorption spectrometry. In addition,
several standard compounds were examined under similar mass
spectral conditions for comparison. These standards included
sucrose, ketones, and borated hydraulic fluid, each coated onto a
clean stainless steel surface. In addition, double-sided tape
was examined as a possible source of contamination.

Summary of Findings

Both sides of the filter samples were analyzed. In each
case, only one side yielded spectra indicative of a coating on
the surface.

Positive ion laser desorption mass spectrometry indicated
peaks characteristic of stainless steel (iron. chromium, cobalt

and potassium). No other ions were reproducibly generated that
could be identified as originating from an organic surface
coating.

Negative ion spectra were the more informative with the most
intense peaks tentatively identified as organo-silicon compounds.
Other ions observed have been tentatively identified as
polysaccharide products and possibly borated oil.

Diffuse reflectance infrared spectra revealed very weak
but characteristic bands at approximately 2850 cm-1 and 1050 cm-1
which may correspond to hydrocarbon and silicon-oxygen
functionalities, respectively.

Experimental Details

Positive ion mass spectra consisted primarily of the metal
ions (K+, Cr+, and Fe+) which were generated from the stainless
steel screen.

Negative ion mass spectra were calibrated using fluoride ion
and the two isotopes of chloride ion. The major peak observed in
the negative ion mass spectra was at nominal mass m/z 43. Exact
mass determination of this ion consistently indicated two
possible formulas; SiCH3~ or BO2-, with SiCH3~- as the closest
match. An ion observed at m/z 42 has approximately the correct
isotopic intensity to be 10B0O2~, but the exact mass measurement
of this ion suggests that the either 10B0OZ2- or SiCHZ2- could
be the correct formula. Both m/z 42 and 43 are also observed in
the mass spectra of the borated oil sample and correspond to BOZ-
according to exact mass measurements. Peaks observed at m/z 79,
84 and 100 amu appear to be organosilicon ions, however, the
lack of calibrant ions in this mass range may result in some
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degree of inaccuracy in these assignments. Peaks that were
observed in the mass range of 100-400 amu showed a close
correlation to the peaks that were observed in the negative mass
spectra of sucrose. These laser ionization experiments also
suggest that the coating on the filter samples is not homogeneous
as indicated by variations in spectra that were obtained at
different locations on the surface.

It is important to realize that the apparent relative
abundance of observed ions dces not necessarily correspond to the
relative amounts of these compounds present in the film. For
example, compounds with high electron affinities such as silicon
oxides may be enhanced in the negative ion spectra relative to
organic ions.

Diffuse reflectance infrared absorption measurements of
the coated side of the filter showed very weak but detectable
peaks which may be due to the presence of organosilicon
compounds. The peaks observed in this spectrum are reasonably
similar to those observed in the infrared spectrum of silicone
lubricant (see attached figures). The infrared spectrum of the
uncoated side of the filter was essentially featureless. These
spectra were obtained using a clean piece of stainless steel as
a reference sample and 1,000 spectra were signal averaged in
order to enhance the signal-to-noise.

Robert L. Hettich

Koleot £

Marcus B. Wise

\VV\O«M, r}‘ wm
Certlfled by 1chelle V. Buchanan
‘(’C W [ S

‘0 ganlc Analy51s Group
Analytical Chemistry Division
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MARTIN MARIETTA

Internal Correspondence

MARTIN MARIETTA ERERGY SYSTEMS, INC.
January 20, 1987

David 0. Campbell, 4500-N, MS B12, ORNL

Surface Analysis of Stainless Steel Filter Segments

Two stainless steel filter samples were sutmitted to the ORGDP Analytical
Chemistry Department for surface analytical work utilizing Secondary Ion Mass
Spectrametry (SIMS) and Ion Scattering Spectrametry (ISS). The purpose of the
work was to determine the reason for the premature plugging of the filters.
Data already obtained (SEM pictures) indicated the possible presence of some
type of film covering the surface of the filter. Confirmation and further
characterization of this film was the desired result. The two samples (HDU and
HY) were a followup to 3 sample which was submitted and analyzed at an earlier
date. This report attempts to summarize the results of the analyses performed.

The two techniques used for the analysis of the samples were Secondary lon Mass
Spectrametry (SIMS) and Ion Scattering Spectrametry (ISS). Both of these
techniques are surface analysis techniques. The depth into the sample fram
which information is obtaiped utilizing these techniques varies depending on g.he
sample matrix but is generally quoted to be about 100 i for SIMS and about 3 A
for ISS. Both techniques utilize an inert gas primary ion beam with energies in
the 1-5 keV range. The SIMS techniques utilizes a quadrupole mass spectrometer
to analyze the mass of charged atomic and molecular particles sputtered fram the
sample surface. The ISS technique measures the kinetic energy of the
backscattered inert gas primary ions using a cylindrical mirror analyzer. The
energy loss suffered by the primary ions can be related to the elemental
composition of the surface through the application of the laws of conservation
of momentum and conservation of energy. A knowledge of instrumental parameters
allows characteristic energy ratios (measured kinetic emergy/initial primary ion
beam kinstic energy) for each element to be calculated for individual inert gas
ions. . A measurement of the primary ilon beam energy distribution after a
collision with the surface of interest ylelds a qualitative elemental analysis
of the surface.

The analysis of the first sample was inconclusive. The data obtained on this
sample compared the underside of the sample (clean) to the topside which was
the heavily contaminated side. The SIMS and the ISS spectra obtained are
contained as attachments 1 and 2. The poaitive ion SIMS data indicates that both
sides of the sample were contaminated with organics as indicated by the clusters
of peaks (65-73,77-85, and 89~97) separated by 12 amu. This is confirmed by the
presence of a small carbon peak at E/E0=0.29 in the ISS. This contamination
layer is thick enough to all but prevent the detection of iron and chramium
(E/E0=0.75), the major components of the filter material. Although the level of
contamination differed fram topside and undersaide, it appears that both sides
had a significant amount of organic contamination. The second set of filter
samples received had a significantly different appearence. A comparison of the
positive ion SIMS spectra of the first sample (attachment 1) and the second set
of samples (attachment 3) reveal that the arganic contamination present on the
first sample is absent on the second set of samples. The major peaks seen in
the spectra of the second set of samples correspond to chramium (m/e=52) and
iron (m/e=56). Table 1 gives a comparison of the ratios of the various elements
detected on the swurface of the sample. To obtain the numbers shown in Table 1!
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D. O. Campbell
Fage 2
January 20, 1987

Table 1. Comparison of elemental ratios (SIMS)

M/Cr
M HSJ HSD
Na g.25 0.65
Al 0.26 0.20
Si 0.98 0.17
Fe 0.40 0.22

the area of the various metal peaks was ratioed to that of chramium in an
attempt to account for matrix effects. If the chramium surface concentration
varies significantly from HSD to HSU the meaning of these numbers becomes
questiomable. It is assumed that the actual surface concentration of chromium
is remaining constant and amy variation in the chroamium signal is the result

of matrix effects and/or contamination. The numbers in Table 1 seem to indicate
an enrichment or accumulation of silicon or a silicon containing compound on
the HU side. There also appears to be a slight enrichment of iron. Attachment
4 is a scale expansion of the spectra contained in attachment 3, one noticable
difference is the presence of a peak at m/e=72 on the HSU sample which is all
but absent on the HSD sample. The peak at m/e=T72 is probably due to a FeO¥
molecular cluster ion. Table 2 is a comparison of cluster ion intensities for
the two samples. The data contained in Table 2 further indicate that an oxidie

Table 2. Comparison of cluster ion intensities

M/Cr
M HSU HSD
Ccro 7.2e~03 9.1e~03
Fe0 2.0e~-02 4.7e-03

iron compound may be being deposited on the surface of the HSU sample. It is
also justification for referencing peak areas to the absolute area of the
chramium peak. There is very little change in the Cr0/Cr ratio between the
HSU and the HSD sample.

A similar type of analysis can be carried out utilizing the peak areas generated
fran the ISS spectra contained as attachment 5. The spectra obtained have peaks
which show the presence of carbon (E/F0=0.295), oxygen (E/Eo0=0.410), sodium
(E/Eo=0,540), silicon (E/Ec=0.607), and iron/chramium (E/E0=0.780). Table 3
show the results of the analysis. The major concentration difference seen is
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D. 0. Campbell
Page 3
January 20, 1987

Table 3. Comparison of elemental ratios (ISS)

M/Cr
M HSU HSD
C 0.09 0.15
0 0.37 0.34
Na 0.10 0.11
Si 0.23 0.11

once again the enrichment of silicon on the HU surface. The magnitude of
enrichment determined utilizing the two techniques is significantly different
(SIMS=5.8,1I88=2.1) but can be explained by realizing that the sampling depth
of the SIMS technique is significantly greater than that of the ISS technique.

In conclusion, a comparison of the HSU and HSD samples reveal that there
appears to be a enrichment (deposition) of silicon or scme type of silicon
compound on the surface of the HI sample. In addition there is good evidence
for the deposition of an oxldic iron compound on the HSJ) surface. The ISS/SIMS
data alone is not sufficient to determine if either of the differences discussed
is responsible for the premature failure of the filters.

D. S. Zingg, K-1004-B, MS 4UQ (6-4517) - NoRC
ce: J. H. Stewart Jr., 4500-S5, MS 140, ORNL

R. W. Morrow
L. W. McMahon



ABSOLUTE COUNTS

POSITIVE ION SIMS

......... IR e o o e e B ML i e o S A B B G S B B e e
- 4
- .
vvvvvvvvv A o o e e e e o LA i o o o e B B S
o .

UPPER: UNDERSIDE 2 SCANS

LOWER: TOPSIDE 2 SCANS

DATE:

11/11/886

PROCESS SUPPORT DIV.

ANALYTICAL CHEM DEPT.

SURFACE ANALYSIS LAB

Attachment 1

8L



4HE 1SS

S U S T, T N P U T
.
o0 ]
w — SIS [ ISN— R I S IS—— Bt A
<f .
4
.
,,,,,,,,, EEES——EVEAE R AL S Ll B A diiaad naasanane
0 1 2 .3 4 5 8 .9 1

UPPER: UNDERSIDE NEW AREA 50 SCANS
LOWER: TOPSIDE NEW AREA S50 SCANS

DATE: 11/11/86

PROCESS SUPPORT DIV.
ANALYTICAL CHEM DEPT,

SURFACE ANALYSIS LAB

Attachment 2

6L



POSITIVE ION SIMS

T T T T T YT Y YT

A | YTy

T T YTy Ty

AR AR A0 Bn B0 S A B S B e A e i An Bn 2 a0 i S i 2 e e o o e o
Bl 1 H

F 4
. | J

o _

—

pad

5 L ]

o

N A

w Tt At e oy ey Pt At e T rr

—

e

| 4

() I

U3

jas]

< - 4
r h -
= W— e <BNAR || W | ,fr.’,‘f.../}l ........ e Py e
0 10 20 30 40 50 60 70 80 g0 100

m/e

UPPER: HOT SIDE DOWN

LOWEH: HOT SIDE UP

PROCESS SUPPORT DIV.
ANALYTICAL CHEM DEPT.

SURFACE ANALYSIS LAB

Attachment 3

08



N SIMS

U
-
)
|
o
i

1 <
M
H

ABSOLUTE COUNTS

Vi
ol i :
NI i |
- S | :
i I |
| W o MW b
i ! A S b i e
b L Wy / I i Ll Ui AR
0 10 20 30 40 50 B0 70 80 g0 100
m/e
UPPER: HSO (B0x expansicn) PROCESS SUPPORT DIv.
LOWER: HSU (B0x expansion) ANALYTICAL CHEM DERPT,

SURFACE ANALYSIS iaAB

Attachment 4

18




4HE IS5

S AR MARARSE RS MRS LML A R ARASARE RASSASALAS RAMARASAAE MMM
0) i -
u  ARARSEREREES LS rrrerrrer rrrrrrrreT e Y e T T e Saaaama
O i -
<L L J
T S RAAAAASLES AL LAN ey SARRRSES S  AGAARRAS LS oA AL T Y

o .1 = .3 4 5 & 7 .B 9 i

UPPER: HOT SIDE DOWN

LOWER: HOT SIDE UP

PROCESS SUPPORT DIV.

ANALYTICAL ChHEM DEPT.

SURFACE ANALYSIS LAB -

Attachment S

Z8



83

Internal Correspondence

MARTIN MARIETTA ENERGY SYSTEMS, INC

Januwary 9, 1987

D. 0. Campbell

Request No. 91035

Using gas chromatograph/mass spectrometry, the sample identified as 4NTU
chromatographed as one large peak at a retention time of 33.3 minutes on a
J&W DB-5 capillary column (non-polar) with a primary mass of 129. (There
were alsc several minor peaks shown on the total ion chromatogram on pp.
5-15). This mass is characteristic of an oxygenated compound such as an
ester. The chromatogram of the second sample, 7INTU showed peaks at 29.6,
32.3, 35.6, 38.1, 40.7, and 44.5 minutes as well as many minor peaks. The
primary mass for each of these peaks was 59, which is also characteristiec of
an oxygenated compound, such as alcohol.

Typical mass spectra for these species are shown in attached figures (Figure

1, primary mass of 129; Figure 2, primary mass of 59). Raversed Phase
Liquid chromatography showed a major peak at ~2 minutes for each of these
extracts. (Eluting solution was 65% methanol in water.) This indicates a

fairly polar species.

JEC:SKH: 1dg

Attachments

Q@fm £ Crtry [sen

John E. Caton

Group lLeader

Organic Analysis Group
Organic Chemistry Section
Analytical Chemistry Division
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December 30, 1986
John E. Caton, 45005, MS 120

Details of Sample Preparation of Aqueocus Three Mile Island
Samplef

Two of the three existing aqueous Three Mile Island samples, viz.
70 and 4 NTU, were prepared as we discussed this morning.

Briefly, 1.75 mL isopropancl were added to 10 mlL of either
agueous sample, which was processed as received (viz., no pH
adjustment, filtration, etc.). This solution was then passed
through an OCTADECYL SPE column which had been conditioned with
methanol and 15% vol/vol isopropanol/water, in that order. The
sorbed organics (if any) were eluted with four 500 ul aliquots of
acetonitrile, which were concentrated to a final volume of 300 ul
using dry, flowing nitrogen.

In both cases, a thin brown ring (heavier for 70 NTU, almost
nonexistent for 4 NTU, as expected) appeared just under the frit
of the SPE column, indicating that particles were removed
effectively from +the sample. These particles were modestly
radiocactive (ca. 100 mrad/hr beta/gamma radioactivity), yet they
apparently did not enter the final acetonitrile solution. The
latter exhibited no beta/gamma radiation exceeding background.

BATT

Bruce A. Tomkins, 2026, MS 043, 6-6692
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4-NTU WATER SAMPLE
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4-NTU WATER SAMPLE (CONTINUED)
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TOTAL-ION CHROMATOGRAM OF 4-NTU WATER SAMPLE
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TOTAL-ION CHROMATOGRAM OF 4-NTU WATER SAMPLE
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TOTAL-ION CHROMATOGRAM OF 70-NTU WATER SAMPLE
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TOTAL-ION CHROMATOGRAM OF 70-NTU WATER SAMPLE
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Appendix C.
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(TURBIDITY = ~71 NTU):

Nuclepore filter test
10'—um filtero o e o o

Nuclepore filter test
10“um filter. e 8 # e

Nuclepore filter test
Z“Um filter « o * o

Nuclepore filter test
Z“Um filter *» o o » @

Nuclepore filter test
l-um filter e ® e o ®

Nuclepore filter test
1-um filter » o & 9

Nuclepore filter test
006*um filter e ¢ o »

Nuclepore filter test
O.A"Um filter s 8 » e

Nuclepore filter test
O.I-Um filter ¢ o 2 o

Nuclepore filter test
O.A—Um filter o & o @

Nuclepore filter test
0.4°um filter s o o o

1

.

with 71-NTU

with 71-NTU

with 71-NTU

EDX of area of 4368 (see Fig. C.1l1)

EDX of particle No.
EDX of particle No.
EDX of particle No.

EDX of particle No.

1, 4368 (see Fig.
2, 4368 (see Fig.
3, 4368 (see Fig.

4, 4368 (see Fig.

PARTICLE CHARACTERIZATION DATA FOR SAMPLE Wl
FILTRATION TEST 1

sample W1,
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100

101

102

103

104

105
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106
107
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Figure
C. 17

C.18

c.19
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EDX of particle No. 5, 4368 (see Fig. C.ll)e v & o & & .« & 109

Nuclepore filter test 1 with 71-NTU water sample W1,
O.Q'Um filtero ® & & © s @ e 2 o e e e 8 o &+ s & s e ¢ o = 110

Nuclepore filter test 1 with 71-NTU water sample W1,
0.4—um filterl - - L] L] L] L] L] L] L] * L] L] L] . » . L L . L L] L] 110
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Nuclepore filter test 1 with 71-NTU water sample WI,

Fig. C.l.
10-ym filter.
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Fig. C.2.
10-ym filter.

Nuclepore filter test 1 with 71-NTU water sample Wi,
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Nuclepore filter test 1 with 71~NTU water sample Wl,

Fig. C.3.
2-ym filter.
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Fig. C.4. Nuclepore filter test 1 with 71-NTU water sample Wl,
2=um filter.
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Fig. C.5. Nuclepore filter test 1 with 71=NTU water sample W!,
l=ym filter.
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Fig. C.6. Nuclepore filter test 1 with 71-NTU water sample Wi,
leym filter.
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Fig. C‘7.
0.6~uym filter.

Nuclepore filter test 1 with 71-NTU water sample Wl,
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Fig. C.8.
Ou.4-ym filter.

Nuclepore filter test 1 with 71-NTU water sample WIl,
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Fig. C.9.
Oel=ym filter.

Nuclepore filter test 1 with 71-NTU water sample Wi,
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Fig. C.10.

Nuclepore filter test 1 with 71-NTU water sample

51 4t

Fig. C.1l1.
O.h—ym filter.,

s

4368

Nuclepore filter test 1 with 71-NTU water sample

Wi,

Wi,
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ORNL-DWG 87-13711
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Fig. C.l12. EDX of area of 4368 (see Fig. C.l1).
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Fig. C.13. EDX of particle No. 1, 4368 (see Fig. C.1ll).
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ORNL~DWG 87-13713
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Fig. C.l4. EDX of particle No. 2, 4368 (see Fig. C.l11).
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Fig. C.15. EDX of particle No. 3, 4368 (see Fig. C.l1).
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ORNL-DWG 87-13715
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Fig. C.16. EDX of particle No. 4, 4368 (see Fig. C.11).
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Fig. C.17. EDX of particle No. 5, 4368 (see Fig. C.11).
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Fig. C.18.
0.4-ym filter.

18Ky

Fig. C.19.
O.4—ym filter.
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A1

Nuclepore filter test 1 with 71-NTU water sample

T 1.60 MAC

Nuclepore filter test 1 with 71-NTU water sample

Wi,
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Appendix D.
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PARTICLE CHARACTERIZATION DATA FOR SAMPLE Wl
FILTRATION TEST 2

{TURBIDITY = ~71 NTU):

Nuclepore filter test
10~ym filter. « « . &

NMuclepore filter test
10-um filtere o« o o «

Nuclepore filter test
].O_]Jm filteru . » ® »

Nuclepore filter test
S—Um filter » e & 8 @

Nuclepore filter test
S—Um filter . . » s @

Nuclepore filter test
S*Um filter . e » * »

Nuclepore filter test
S5-um filter « + o« o &

Nuclepore filter test
2-Um filter s e ° s »

Nuclepore filter test
2-um filter « « « 4+ &

Nuclepore filter test
diluted 2-pm filter .

Nuclepore filter test
diluted 2~um filter .

Nuclepore filter test
diluted 2-um filter .

Nuclepore filter test
diluted 2-um filter .

Nuclepore filter test
diluted 2-um filter .

Nuclepore filter test
l-um filter » e s 2

with 71-NTU

with 71-NTU

« 2 a2 & 9 @

with 71-NTU

with 71-NTU

water

e e »

water

water

water

water

water

s o @

water
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Figure Page
D.16 Nuclepore filter test 2 with 71-NTU water sample W1,
l—um filter e & & e # © s & 2 0 & 8 & e s e ° e * ¢ s » 130
D.17 Muclepore filter test 2 with 71-NTU water sample W1,
l—‘,lm filter s e @ e o o o e & ¢ o o e s e s » o o o+ 131
D.18 Nuclepore filter test 2 with 71-NTU water sample W!,
0-8_11111 filter © & o e & ¢ # 8 e & o s & & s 8 s e » s o 132
D.19 EDX of particle cluster, 4387 (see Fig. D.18) « « « « « 132
D.20 Nuclepore filter test 2 with 71-NTU water sample W1,

0‘8——11“1 filter » o ® ® & o e @ s e ® & & & o e o = o ° » 133

D.21 EDX of "fish-egg”™ particle near center, 4388 (see
Fig‘ ’D.ZO)Q * * - -* . L] - L ] L] - L] L] . * L] L] L] L] L] L] * L 133

D.22 Nuclepore filter test 2 with 71-NTU water sample W1,
O.8mum fi]—ter - L] L] L] . . L] L] L] . . L] L] - - L > L) L - . 134

D.23 EDX of bright particle near center, 4389 (see
FigD D-Zz). L] L] L] L] L L] . * L L] * e - L] L] L] . L] L] . - . 134

D.24 Nuclepore filter test 2 with 71-NTU water sample W1,
O.S—IJm filtel” . L) . ° . - ) ] . . . - . . 3 3 . » . . . 135

D.25 EDX of bright cluster near center, 4390 (see
Fig. Dl 24)0 L] L) . L] L] L] L] L L) L) L] L] L3 L] . L) L) L] L] L) L] . 135

D.26 Nuclepore filter test 2 with 71-NTU water sample W,

Ocb—=pm f1lteT » « o o o o o o o o s a o o s o o o« o o o« 136
D.27 EDX of area of 4392 (see Fige Ds26) +v ¢ o« o & o s » « » 136
D.28 Nuclepore filter test 2 with 71-NTU water sample Wi,

0.6~um f11€ET 4 o o o o ¢ o o o s o o s o o o o o o o 137
D.29 EDX of particle No. 1, 4391 (see Fig. D.28) « . « « « « 137
D.30 EDX of particle No. 2, 4391 (see Fig. De28) « ¢« + « o+ o 138
D.31 EDX of particle No. 3, 4391 (see Fig. D.28) « « » « » « 138
D.32 EDX of particle No. 4, 439] (see Fig. D.28) ¢« « « « « « 139
D.33 Nuclepore filter test 2 with 71-NTU water sample W1,

O.4-Um filtEI' * s o o s o s o = & e s & 2 o & o & = e o 140

D.34 EDX of area of 4394 (see Fige. D.33) o ¢ & ¢« &« ¢« o « « « 140



113

Figure Page

D.35 Nuclepore filter test 2 with 71-NTU water sample W1,
. 0-4‘um filterc @ o & e 2 & 0 s B 5 ¥ 0 9 8 & & & e o o @ 141

D.36 EDX of white particle near center, 4395 (see
Figl DI35) * L ] L] L] L] L L] L ] L] * ® L ] L] L ] L ] L ] o L] [ ] ° L] L) [ ] ll‘l

D.37 Nuclepore filter test 2 with 71-NTU water sample Wi,

O.A—um FilteTe o o o o o ¢ o 5 ¢ ¢ 8 o 2 o » o o & s » » 142
D.38 Nuclepore filter test 2 with 71-NTU water sample W1,

O.é—um filter, BEL 4 o o ¢ o 0 0 o 5 o o o » o o o 8 o o 142
D.39 Nuclepore filter test 2 with 71-NTU water sample Wi,

Oul—um f1lt@Te v ¢ o « o o o o 0 o ¢ 5 o 0 o o o o s a o 143
D.40 Nuclepore filter test 2 with 71-NTU water sample W1,

Ool*um filter, BEI ® 4 ¢ ® o O & ® + m 8 s s O a e & & @ 143
D.41 EDX of particle No. 1, 4398 (see Fig. D.39). + o ¢« o o « 144
D.42 EDX of particle No. 2a, 4398 (see Fig. D.39) o o o o + « 144
D.43 EDX of particle No. 2b, 4398 (see Fig. De39) « . ¢ « « « 145

D.44 EDX of particle No. 3, 4398 (See Fig- D039)- e 2 s o 8 » 145






ORNL PHOTO 0403-87

N
ZAN

S

ol

Fig. D.l. Nuclepore filter test 2 with 71-NTU water sample W1, 10-um filter.
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Fig.

D.2. Nuclepore filter test 2 with 71-NTU water sample Wi, 10-um filter.
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Fig. D.3. Nuclepore filter test 2 with 71-NTU water sample W1, 10-um filter.
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Fig. D.4.

Nuclepore filter test 2 with 71-NTU water sample Wl, 5-um filter.
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Fig. D.3.

Nuclepore filter test 2 with 71-NTU water

sample Wi, S—um'filter.
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Fig. D.7. Nuclepore filter test 2 with 71-NTU water sample W1, 5-um filter.
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Fig. D.8. Nuclepore filter test 2 with 71-NTU water sample Wi, 2-um filter.
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Fig. D.9. Nuclepore filter test 2 with 71-NTU water sample Wi, 2-um filter.
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Nuclepore filter test 2 with 71-NTU water sample Wl, d

Fig. D.10.
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Fig. D.l1.

Nuclepore filter test 2 with 71-NTU water sample W1, diluted 2-um filter.
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Fig. D.12. Nuclepore filter test 2 with 71-NTU water sample Wl, diluted 2-um filter.
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Fig. D.13. Nuclepore filter test 2 with 71-NTU water sample Wl, diluted 2-um filter.
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Fig. D.l4. Nuclepore filter test 2 with 71-NTU water sample Wi, diluted 2-um filter.
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Fig. D.15. Nuclepore filter test 2 with 71-NTU water sample W1, l-um filter.
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Fig. D.16.

Nuclepore filter test 2 with 71-NTU water sample W1, l-um filter.
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Fig. D.17. Nuclepore filter test 2 with 71-NTU water sample W1, l-pm filter.
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Fig. D.18. Nuclepore filter test 2 with 71-NTU water sample W1,
0.8-uym filter.

ORNL-DWG 87-13755
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rDp

Avacihaod

VFS = 2048 2@ . 480
10@ RESIDUE FROM TMI WRTER. ©.8 MICRON FILTER.

Fig. D.19. EDX of particle cluster, 4387 (see Fig. D.18).
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Fig. D.20. Nuclepore filter test 2 with 71-NTU water sample W1,
0.8-um filter.
ORNL-DWG 87-13756
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.8 MICRON FILTER.
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EDX of "fish-egg” particle near center, 4388 (see

Fig. D.21.
Fig. D.20).
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Fig. D.22. Nuclepore filter test 2 with 71-NTU water gample W1,
0.8-um filter.
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108 RESIDUE FROM TMI WATER. ©.8 MICRON FILTER.

Fig. D.23. EDX of bright particle near center, 4389 (see Fig. D.22).
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Fig. D.24. Nuclepore filter test 2 with 71~NTU water sample W1,
0.8um filter.

ORNL-DWG 87-13758
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106 RESIDUE FROM TMI WRTER. ©.8 MICRON FILTER.

Fig. D.25. EDX of bright cluster near center, 4390 (see Fig. D.24).
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Fig. D.26. Nuclepore filter test 2 with 71-NTIU water sample Wi,
0.6~uym filter,

ORNL-DWG 87-13759
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108 RESIDUE FROM TMI WARTER. ©.& MICRON FILTER.

Fig. D.27. EDX of area of 4392 (see Fig. D.26).
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Fig. D.28. Nuclepore filter test 2 with 71-NTU water sample W1,
0.6—um filter.
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Fig. D.29. EDX of particle No. 1, 4391 (see Fig. D.28).
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RESIDUE FROM TMI WATER.

Fig. D.300

EDX of particle No. 2, 4391 (see Fig. D.28).
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Fig. D.31.
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@.6 MICRON FILTER.

20 . 488

EDX of particle No. 3, 4391 (see Fig. D.28).
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ORNL~DWG 87~13763
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Fig. D.32. EDX of particle No. 4, 4391 (see Fig. D.28).
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Fig. D.33. Nuclepore filter test 2 with 71-NTU water sample W1,
0.4-ym filter.
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Fig. D.34. EDX of area of 4394 (see Fig. D.33).



Fig. D.35. Nuclepore filter test 2 with 71-NTU water sample W1,
O0.4~um filter.
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Fig., D.36. EDX of white particle near center, 4395 (see Fig. D.35).
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Fig. D.37. Nuclepore filter test 2 with 71-NTU water sample W1,
0.4-ym filter.
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Fig. D.38. Nuclepore filter test 2 with 71-NTU water sample W1,
0.4-um filter, BEI.




Fig. D.39. Nuclepore filter test 2 with 71~-NTU water sample W1,
0.l-um filter.

Fig. D.40. Nuclepore filter test 2 with 71-NTU water sample W1,
0.1-uym filter, BEI.
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EDX of particle No. 1, 4398 (see Fig. D.39).
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Fig. D.42.

EDX of particle No. 2a, 4398 (see Fig. D.39).
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ORNL-DWG 87-13768
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Fig. D.43. EDX of particle No. 2b, 4398 (see Fig. D.39).
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Fig. D.44. EDX of particle No. 3, 4398 (see Fig. D.39).
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Nuclepore filter
10-ym filter . .

Nuclepore filter
10~um filter . .

Nuclepore filter
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Nuclepore filter
lO—Um filter . e

Nuclepore filter
lO—]Jm filter . L)

Nuclepore filter
5-um filter . .

Nuclepore filter
5-um filter . .

Nuclepore filter
5-um filter . o
Nuclepore filter
S‘Um filter ® o

Nuclepore filter
2-um filter . .

NMuclepore filter
2-um filter . .
Nuclepore filter
Z“Um filter e
Nuclepore filter
2-um filter . o
Nuclepore filter
l—llm filter ® »
Nuclepore filter
1-um filter, BEI
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test 3 with

test 3 with

e & & e+ = 0w

test 3 with

test 3 with

test 3 with

test 3 with

test 3 with

test 3 with

test 3 with

test 3 with

¢« @ o o 9 0

test 3 with

test 3 with

test 3 with

test 3 with

test 3 with

22-NTU water sample

22-NTU water sample

22-NTU water sample

22~-NTU water sample

22-NTU water sample
° L e L] ] L[ ] L ] [ ] [ ) [ )
22-NTU water sample

22~NTU water sample

® & 0 o & @ « o o

22-NTU water sample
® o o o & o » 06 0 »
22-NTU water sample
o o 8 9o P 0 0 0 2 0

22-NTU water sample

[ ] [ ) - L) * L 4 » L ] [ ] ®

22-NTU water sample
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Fig. E.l.
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Fig. E.4. Nuclepore filter test 3 with 22-NTU water sample WZ,
10~ym filter.
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Fig. E.5. Nuclepore filter test 3 with 22-NTU water sample W2,
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Fig. E.7. Nuclepore filter test 3 with 22~NTU water sample W2,
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Fig. E.10. Nuclepore filter test 3 with 22-NTU water sample W2,
2-uym filter.
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Fig. E.13. Nuclepore filter test 3 with Zs—nNru water sample W2,
Z-um filter.
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Fig. E.l4. Nuclepore filter test 3 with 22-NTU water sample W2,
l-pym filter.
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Fig. E.15. Nuclepore filter test 3 with 22~-NTU water sample W2,
l-um filter, BEI.
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Fig. E.16. EDX of particle A, 4399 (see Fig. E.15).
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Fig. E.17. EDX of particle B, 4399 (see Fig. E.15).
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Fig. E.20. Nuclepore filter test 3 with 22-NTU water sample w2,
l-ym filter.
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Fig. E.2l. Nuclepore filter test 3 with 22-NTU water sample W2,
1-ym filter, BEI.
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Fig. E.26. Nuclepore filter test 3 with 22-NTU water sample W2,
0-8"'!."]] filteI‘.
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Fig. E.27. Nuclepore filter test 3 with 22-NTU water sample W2,
0.8-ym filter, BEI.
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Fig. E.28. EDX of area of 4411 (see Fig. E.27).
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Fig. E.29. EDX of particle A, 4411 (see Fig. E.27).
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Fig. E.30. EDX of particle B, 4411 (see Fig. E.27).
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Fig. E.31. EDX of particle C, 4411 (see Fig. E.27)..
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Fig. E.32. EDX of particle D, 4411 (see Fig. E.27).
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Fig. E.38. EDX of particle H, 4413 (see Fig. E.34).
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Fig. E.44. EDX of area of 4415 (see Fig. E.41).
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Fig. E.45. EDX of particle A, 4418 (see Fig. E.43).




182

ORNL-DWG 87-14061

SEE M24418 PRRTICLE E

"""""" oy

2. 200 VES = 4095 20 45@
100 FESIDUE FROM TMI WRATER. @.& MICRON FILTER

Fig. E.46. EDX of particle B, 4418 (see Fig. E.43).
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Fig. E.47. EDX of particle C, 4418 (see Fig. E.43).
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Fig. E.48. EDX of particle D, 4418 (see Fig. E.43).
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Fig. E.49. EDX of particle E, 4418 (see Fig. E.43).
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Fig. E.50. EDX of particle F, 4418 (see Fig. E.43).
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Fig. E.51. EDX of particle G, 4418 (see Fig. E.43).
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Fig. E.52. EDX of particle H, 4418 (see Fig. E.43).
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Fig. E.53. EDX of particle I, 4418 {see Fig. E.43).
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Fig. E.54. EDX of particle J, 4418 (see Fig. E.43).

ORNL-DWG 87-14070

SEE ME4417. PARTICLE |

At 17 ] VEE = z@4z Z@ . 420
196 RESIDUE FROM THMI WATER. @ & MICEON FILTER.

Fig. E.55. EDX of particle L, 4417 (see Fig. E.42).
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Fig. E.57. Nuclepore filter test 3 with 22-NTU water sample W2,
0.4~um filter.

Fig. E.58. Nuclepore filter test 3 with 22-NTU water sample W2,
0.4~ym filter, BEI.
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Fig. E.6l1. EDX of area scan of 4587 (see Fig. E.59).
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Fig. E.62. EDX of particle 1, 4587 (see Fig. E.59).
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Fig. E.63. EDX of particle 2, 4587 (see Fig. E.59).
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Fig. E.64. EDX of particle 3, 4587 (see Fig. E.59).
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Fig. E.65. EDX of particle 4, 4587 (see Fig. E.59).
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Fig. E.66. EDX of particle 5, 4587 (see Fig. E.59).
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Fig. E.67. EDX of particle 6, 4587 (see Fig. E.59).
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Fig. E.68. EDX of particle 7, 4587 (see Fig. E.59).
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Fig. E.69. EDX of particle 8, 4587 (see Fig. E.59).
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Fig. E.70, EDX of particle 9, 4587 (see Fig. E.59).
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Fig. E.71. EDX of particle 10, 4587 (see Fig. E.59).
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Fig. E.73. Nuclepore filter test 3 with 22-NTU water sample W2,
0.1-ym filter, BEIL.
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Fig. E.74. EDX of area of 4591 (see Fig. E.72).
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Fig. E.75. EDX of particle 1, 4591 (see Fig. E.72).
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Fig. E.78. 20,000X enlargement of particle 3, 4591 (see Fig. E.72).
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Fig. E.79. EDX of particle 4, 4591 (see Fig. E.72).
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Fig. E.80. EDX of particle 5, 4591 (see Fig. E.72).
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Fig. E.81. EDX of particle 6, 4591 (see Fig. E.72).
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Fig. E.82. EDX of particle 7, 4591 (see Fig. E.72).
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Fig. E.83. EDX of particle 8, 4591 (see Fig. E.72).
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Fig. E.84. EDX of particle 9, 4591 (see Fig. E.72).
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Fig. F.l.

Nuclepore filter test 4, 4~NTU water, 10-um filter.
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Nuclepore filter test 4, 4~NTU water, 10-um filter.

Fig. F.2.
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Nuclepore filter test «, 4=NIU water, 10-ym filter.
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Fig. F.4. Nuclepore filter test 4, 4-NTU water, 10-um filter.
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Nuclepore filter test 4, 4-NTU water, S5-pm filter.

Fig. F.5.
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Nuclepore filter test 4, 4-NTU water, 5-um filter.

Fig. F.6.
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Fig. F.7. Nuclepore filter test 4, 4-NTU water, 5-um filter.
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Fig. F.8. Nuclepore filter test 4, 4-NTU water, S5—um filter.
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Nuclepore filter test 4, 4-NTU water, 2-um filter.

Fig. F.9.
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Fig. F.10. Nuclepore filter test 4, 4-NTU water, 2-pm filter.
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Nuclepore filter test &4, 4-NTU water, 2-um filter.

Fig. F‘ll.
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Fig. F.12.

Nuclepore filter test

&4, 4=NTU water,

2-yum filter.
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Fig. F.13.

Nuclepore

filter test 4, 4=-NTU water, l-um filter.
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Fig. F.14. Nuclepore filter test 4, 4-NTU water, l-um filter.
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Nuclepore filter test 4, 4-NTU water, l-um filter.

Fig. F.l15.
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